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Chaperonin action is controlled by cycles of nucleo-
tide binding and hydrolysis. Here, we examine the
effects of nucleotide binding on an archaeal group
2 chaperonin. In contrast to the ordered apo state of
the group 1 chaperonin GroEL, the unliganded form
of the homo-16-mer Methanococcus maripaludis
group 2 chaperonin is very open and flexible, with
intersubunit contacts only in the central double belt
of equatorial domains. The intermediate and apical
domains are free of contacts and deviate significantly
from the overall 8-fold symmetry. Nucleotide binding
results in threedistinct,ordered8-foldsymmetriccon-
formations—open, partially closed, and fully closed.
Thepartially closed ringenclosesa40% larger volume
than does the GroEL-GroES folding chamber, en-
abling it to encapsulate proteins up to 80 kDa, in con-
trast to the fully closed form, whose cavities are 20%
smaller than those of the GroEL-GroES chamber.
INTRODUCTION
The chaperonins are double ring molecules that are found in all
forms of life and are essential for cell viability, because they
provide an isolated environment for ATP-dependent protein fold-
ing (Bukau and Horwich, 1998; Frydman, 2001; Horwich et al.,
2007). The chaperonins are found in two subgroups: group 1 in
eubacteria, mitochondria, and chloroplasts, and group 2 in
archaea and in the eukaryotic cytosol (Bukau and Horwich,
1998; Gutsche et al., 1999; Spiess et al., 2004). The sequence
and structural similarity between the two groups suggest that
they share a common mechanism of action. The most detailed
structural and mechanistic information on the group 1 chapero-
nins comes from Escherichia coli GroEL, for which multiple con-
formations have been identified by both X-ray crystallography
and cryo-electron microscopy (cryo-EM; Braig et al., 1994;
Xu et al., 1997; Ranson et al., 2001, 2006). Limited structural528 Structure 16, 528–534, April 2008 ª2008 Elsevier Ltd All rights rinformation has been determined for the group 2 chaperonins
from X-ray and cryo-EM structures of the thermosome and
cryo-EM structures of chaperonin-containing TCP-1 (CCT) and
thermal factor 55 (TF55) (Ditzel et al., 1998; Llorca et al., 1998,
1999a; Schoehn et al., 2000a, 2000b). Their open states are de-
fined only at very low resolution, so that the domain positions and
orientations are unclear.
Chaperonins of both groups contain two back-to-back rings of
identical or closely related subunits, with 7-fold rings for group 1
and8- or 9-fold rings for group2. The subunits contain equatorial,
intermediate, and apical domains connected by flexible hinge re-
gions. Negative allosteric communication takes place between
the two rings through the back-to-back equatorial domain con-
tacts (Yifrach and Horovitz, 1996; Kafri et al., 2001; Kusmierczyk
andMartin, 2003a; Bigotti andClarke, 2005). These aremediated
via crossring subunit contacts—1:2 in group 1 chaperonins, in
which the two rings are offset, and 1:1 organization for the group
2 chaperonins, where the rings are in register (Braig et al., 1994;
Ditzel et al., 1998).
The effects of nucleotide binding on the global conformation
of group 2 chaperonins are not understood in detail. In the
case of group 1, from cryo-EM studies it is known that nucleotide
binding to apo-GroEL releases an intersubunit salt bridge that
allows mobility of the substrate-binding apical domains and
also causes small rotations of the equatorial domains that distort
the inter-ring interface (Ranson et al., 2001). An asymmetric
conformation is also observed in group 2, most likely caused
by nucleotide binding (Llorca et al., 1999a; Schoehn et al.,
2000a; Gutsche et al., 2001). Protease protection studies show
that the transition state analog ADPAlF3 is required to close
the rings of CCT, suggesting that ATP hydrolysis may be neces-
sary for this step (Meyer et al., 2003), unlike the formation of the
closed GroEL-GroES chamber, which only requires nucleotide
binding.
In group 1, the apical domains contain the hydrophobic bind-
ing sites that bind both substrate protein and the cochaperonin
(Fenton et al., 1994; Xu et al., 1997). In group 2, the apical
domains also contain substrate-binding sites, but the nature
of these sites is still unclear (Llorca et al., 1999b; Spiess et al.,
2006). When the cochaperonin GroES (hsp10/cpn10) bindseserved
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it causes them to elevate and twist clockwise more than 100,
creating a hydrophilic chamber for protein folding (Sigler et al.,
1998). The group 2 chaperonins do not require a cochaperonin
to form the folding chamber since they have an insertion in their
apical domains that forms a built-in lid structure (Klumpp et al.,
1997; Ditzel et al., 1998). However, the subunit conformations
and movements between the apo, substrate-binding conforma-
tion and the ATP-driven substrate-folding conformation in the
group 2 chaperonins are not well characterized. The only state
of group 2 observed by crystallography is a fully closed form
analogous to a compressed GroES-GroEL-GroES ‘‘football’’
(Schmidt et al., 1994). In this crystal structure, the folding cham-
ber is 20%smaller in volume than that of GroEL-GroES, suggest-
ing that the group 2 chaperonins might not accommodate large
substrate proteins (Ditzel et al., 1998). Other reports have sug-
gested that the group 2 chaperonins can assist in the folding of
proteins up to 100 kDa, which would be too large for encapsula-
tion in the folding chamber of the closed complex observed by
X-ray crystallography (Spiess et al., 2004).
In this study, we examine the effects of nucleotide binding to a
homo-oligomeric group 2 chaperonin, from the mesophilic
archaeon Methanococcus maripaludis (Mm). The open, partially
closed, and fully closed conformations of Mm were modeled by
rigid body fitting of the domains of the thermosome crystal struc-
ture into cryo-EM densities. The models reveal a novel ATP-
induced ordering of the positions of the mobile apical domains
in the group 2 chaperonin cycle.
Figure 1. The Unliganded State of the Mm
Complex in Different Stains and in Cryo-EM
Averaged views of the Mm complex, without
nucleotide, unstained in ice (A), stained with 2%
uranyl acetate (B), and stained with 2% sodium
vanadate (C). Cryo-EM 3D reconstruction of the
apo-Mm complex viewed as a surface from the
side (D), top (E), and bottom (F).
RESULTS AND DISCUSSION
The Unliganded Form of the Mm
Chaperonin Is Open and Flexible
Cryo-EM images of unliganded Mm
chaperonin revealed a disordered, open
conformation (Figure 1A). At low pH,
Mm loses activity (Kusmierczyk and Mar-
tin, 2003b), and a closed conformation
is observed in uranyl acetate at pH 4
(Figure 1B), but the open form is also
observed in negative stain at pH 8
(Figure 1C). In many of the cryo images
and class averages of the open form,
only the equatorial domains are clearly
visible (Figure 1A). The other domains
are in variable orientations and do not
give consistent projections. A 3D map of
apo-Mm chaperonin was reconstructed
from cryo images of the 4000 most or-
dered particles (showing the most density for intermediate and
apical domains, and therefore expected to have approximate
8-fold symmetry) by angular reconstitution and projection
matching (Figures 1D–1F). The complex has a very open struc-
ture with the ring of subunits held together only by interactions
between the equatorial domains. The apical and intermediate
domain densities are incomplete, consistent with movement of
these domains, through rigid body rotations about flexible hinge
points, leading to significant deviations from 8-fold symmetry in
this region. In contrast, apo-GroEL has intersubunit contacts
between intermediate and apical domains (Braig et al., 1994).
The lack of intersubunit contacts at the intermediate and apical
domain level in apo-Mm underlies the inherent flexibility of the
complex.
Nucleotide Binding Yields Three Distinct
Conformations of the Group 2 Chaperonin
At 37C and 150 mM KCl and pH 7.4, the Mm ATPase is fully
active, and Mm is able to refold rhodanese (data not shown;
Kusmierczyk and Martin, 2003a). Therefore, all grids were pre-
pared under those conditions. To examine the conformational
changes induced by ATP binding, we imaged the Mm complex
in the presence of the ATP analog, ADPAlF3 (another analog,
AMPPNP, supports protein folding by Mm; Kusmierczyk and
Martin, 2003b). The Mm-ADPAlF3 side view images showed
that the addition of nucleotide caused the complex to become
more ordered, because the class averages showed clearly de-
fined projections for the intermediate and apical domainsStructure 16, 528–534, April 2008 ª2008 Elsevier Ltd All rights reserved 529
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Nucleotide States of a Group 2 Chaperonin(Figures 2A–2C). Notably, the open form of Mm in nucleotide has
much less mobility in its intermediate and apical domains than in
the open form of the apo complex (compare Figures 1A and 2A),
similar to an earlier conclusion deduced from negatively stained
views of CCT (Rivenzon-Segal et al., 2005). Within the side view
population of these double-ring complexes, therewere three dis-
cernable conformations: open-open, partially closed-open (bul-
let), and closed-closed forms. The distribution of side views be-
tween the three conformations was approximately 35% open,
50% bullets, and 15% closed. A very similar distribution of these
three conformations was seen in side views of the complex in the
presence of ATP (see Figure S1A in the Supplemental Data avail-
able with this article online). In contrast, in ADP, only open and
partially closed states were observed, and the closed conforma-
tion was not seen (Figure S1B). The observation of multiple con-
formations in the presence of nucleotides is consistent with tran-
sient kinetic studies reporting multiple states (Horovitz and
Willison, 2005; Cliff et al., 2006).
3D Reconstruction and Atomic Structure Fitting
of the Three Mm-ADPAlF3 Conformations
Using classification of side views, it was possible to separate the
Mm-ADPAlF3 cryo-EM data set into distinct open, partially
closed bullet, and closed conformations for 3D reconstruction
with 8-fold symmetry (Figure 3). The reconstructions had resolu-
tions of approximately 10 A˚ for the open, 9.5 A˚ for the bullet, and
11 A˚ for the closed form.
The open state of Mm-ADPAlF3 resembles the apo-Mm map
but contains almost complete density for the apical domains,
suggesting that nucleotide binding stabilizes about one-third of
the complexes in a symmetric, open conformation. The a-helical
protrusions in the apical domains, which form the lid in the closed
structure, were too far apart to form intra-ring contacts and were
instead pointing upward toward the bulk solution.
The bullet map was asymmetric, with one ring in an open state
(bottom ring in Figure 3E) and the other in a partially closed con-
formation in which the apical domains have rotated clockwise
Figure 2. Nucleotide-Bound States of Mm
Cryo-EM class averages of the open (A), bullet (B),
and closed (C) conformations of the Mm-
ADPAlF3 complex. Each class average contains
approximately 30 aligned images.
when viewed from outside the complex.
Because of this clockwise rotation and
a closing of the ring, the apical domains
in the partially closed state form an addi-
tional intersubunit contact (Figure 3B
compared with Figure 3A). The partially
closed ring has a much larger volume
and central opening than does the fully
closed ring (Figure 3C). We estimate the
enclosed volume as 250,000–290,000
A˚3 in the partially closed ring, versus
130,000 A˚3 in the fully closed ring. In the
closedmap, both rings are tightly closed, with intra-ring contacts
made between all domains.
The open, bullet, and closed conformations observed in this
study resemble those previously observed at much lower resolu-
tion in the a-only thermosome and TF55 structures (Schoehn
et al., 2000a, 2000b). At the resolution of the present maps,
it was possible to examine the domain rotations between open
and closed rings of the Mm chaperonin by fitting the thermo-
some atomic structure into the cryo-EMmaps of the open, bullet,
and closed conformations. Because of the large differences
between the closed conformation observed by X-ray crystallog-
raphy and the open and bullet conformations, all domains had to
be fitted as separate rigid bodies. Initially, the three domains of
one subunit in each of the two chaperonin rings were manually
fitted into the open and bullet maps using PYMOL (http://www.
pymol.org). The positions of the 6 individual domains in both
maps were then refined using the automated fitting program
URO (Navaza et al., 2002; Figures 3A, 3B, 3D, and E). The
hand of all the maps was based on the crystal structure of the
thermosome. The connectivity between the three domains was
used to assess the accuracy of the fits. However, because of
the large movements of the apical domains, the distances
between the intermediate-apical connections in the open rings
were too large, suggesting that there is some refolding in that
part of the structure. All the other connections in the fitted struc-
tures had backbone distances within 6 A˚ of each other. The long
loop region preceding the descending a-helical limb (helix 10) of
the protrusion and the tip of helix 10 protruded from the density in
the open and partially closed rings, but this part of the apical do-
main has been shown by NMR to be flexible (Heller et al., 2004).
For the closed Mm-ADPAlF3 map, it was possible to fit the
whole thermosome hexadecamer crystal structure as a single
rigid body (Figures 3C and F), showing that the structures
are identical and supporting the idea that this conformation
exists in solution during the nucleotide cycle. This closed confor-
mation has previously been seen in CCT in the presence of
nucleotide (Llorca et al., 2001).530 Structure 16, 528–534, April 2008 ª2008 Elsevier Ltd All rights reserved
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Nucleotide States of a Group 2 ChaperoninFigure 3. Surface Views of the Three Reconstructed Mm-ADPAlF3 Complexes with Domain Fitting
3D reconstructions, displayed at a threshold of one sigma, of the open (A and D), bullet (B and E), and closed (C and F) Mm-ADPAlF3 complexes, with their fitted
domains, viewed from the top and the side. The structures used for fitting were the domains of the thermosome crystal structure (PDB code: 1A6D). Dotted line
shows apical rotation; helices 10 and 11 are indicated.Analysis of the Domain Rotations between
the Open, Partially Closed, and Fully Closed Rings
of Mm Chaperonin
The open ring of the bullet map (lower ring in Figure 3E) was very
similar to the rings in the open structure (Figure 3D). Therefore,
one of the rings from the openmap was used for further analysis.
The angle between the equatorial domains and the intermediate
and apical domains is approximately 90 in the open ring (Fig-
ure 4A). This produces a jaw-like opening of the ring relative to the
fully closed form (Figure 4C), causing an expansion in diameter in
the open ring at the level of both intermediate and apical
domains, to approximately 156 and 170 A˚, respectively (Figures
4A and 4C). Because of the expansion and rotation of the inter-
mediate domains, the nucleotide-binding sites in the open rings
are open to the bulk solution. The conformation of the apical
domains indicates that the surface facing the folding chamber
is now lined by helix 11, which is thought to contain a sub-
strate-binding site (Spiess et al., 2006; Figure 4D). This is consis-
tent with apo-GroEL, in which the folding cavity is lined
by helices H and I, where helix I is the equivalent of helix
11 and has been shown to be a preferred site of binding for theStructurestringent substrate mitochondrial malate dehydrogenase (Elad
et al., 2007).
In the partially closed ring (Figures 3B and 4B), the jaws have
closed slightly with a 25 smaller angle between the equatorial
domains and the intermediate and apical domains than in
the open ring (Figure 4B versus Figure 4A). The intermediate
domains have a slightly different orientation to the open ring,
bringing helix 14 bearing an aspartate residue required for ATP
hydrolysis slightly closer to the nucleotide-binding pocket. Rela-
tive to the open ring, the apical domainsmove radially inward and
rotate clockwise by 30 when viewed from outside the ring (com-
pare Figure 3B to Figure 3A and Figure 4B to Figure 4A). As a re-
sult, the substrate-binding region on the face of helix 11 and the
tip of helix 10 are rotated into the interface between the subunits
and now take part in intersubunit contacts (Figures 3B, 3E, and
4E). This is similar to the apical domain rotations in GroEL when
it converts from its open, substrate-binding conformation to its
closed, GroES-bound, substrate-folding conformation, suggest-
ing that the highly populated, partially closed ring is a folding
active conformation. Moreover, if the partially closed ring serves
as the folding chamber, it would mean that there is more space16, 528–534, April 2008 ª2008 Elsevier Ltd All rights reserved 531
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Nucleotide States of a Group 2 ChaperoninFigure 4. Analysis of Domain Rotations in Mm-ADPAlF3 Rings
Fitted coordinates of the open (A and D), partially closed (B and E), and closed rings (C and F). (A–C) show cross-sectioned side views, and individual subunits are
viewed from inside the cavity in (D–F). The dashed lines in (A–C) indicate the angle between the equatorial domain and the intermediate/apical domains. The
dashed lines in (D–F) show the change in angle between intermediate and apical domains. The dashed lines in the intermediate domains (lower dashed line)
run along helix 14, which contains an aspartate residue required for ATP hydrolysis.available to fold proteins than previously thought, because the
chamber is twice the size of the one in the closed ring. The larger
volume of the folding chamber in the partially closed ring helps to
account for reports of CCT substrates up to 100 kDa (Spiess
et al., 2004). However, even in the partially closed ring, the vol-
ume would accommodate a maximum substrate of around 80
kDa, suggesting that there may be an alternative mechanism
for larger substrates. The folding chamber in the partially closed
ring is 40%–50% larger than the one formed by GroEL-GroES.
In the closed ring, the entire subunit rotates inward by 20 (Fig-
ure 4C), bringing the apical domains together to form the central
b-barrel (Figure 3C). This reduces the size of the folding chamber
and closes it off entirely from the bulk solution. In addition, the in-
termediatedomains closedownover the nucleotide-binding sites
in the equatorial domains (Figure 4C). The large downward tilt of
the equatorial domains in the closed form moves the inter-ring
salt bridge, formed by Arg429 and Asp455, radially outward by
6 A˚ relative to the open and partially closed forms. Such large ro-
tationsof theequatorial domainshavenotbeenobserved inanyof
the states ofGroEL (Ransonet al., 2001,2006) inwhich theout-of-
register interface between the two rings (1:2 versus 1:1 in the
group2chaperonins) likely constrains equatorial domain rotation.
Implications for Folding States of the Mm Complex
In the open ring, the potential substrate-binding region on helix 11
is veryaccessible and lines thecavity (Figure4D), analogous to the
orientationof substrate-bindingsites in apo-GroEL. In thepartially532 Structure 16, 528–534, April 2008 ª2008 Elsevier Ltd All rights reclosed ring, the substrate-binding region on helix 11 is rotated
to form an intersubunit contact (Figures 4B and 4E). This partially
closed state is associated with a conformational change that
leads to the formation of a very large chamber for protein folding,
analogous to theGroEL-GroES foldingchamber. The large folding
chamber formed in the partially closed ring would allow the group
2 chaperonins to bind and productively fold large or elongated
substrate proteins. After initial folding of the substrate in this
chamber, to a more compact intermediate, when ATP is hydro-
lyzed, the partially closed ring might compact further to form the
fully closed ring, forcing further compaction of the substrate.
Such a fully closed state may not be achievable when large sub-
strates are involved. This problem of limited space in the fully
closed chamber is highlighted when the crystal structure of actin
(43 kDa) is docked into the closed thermosome crystal structure
(Figure S2). A native actin monomer fills the available space in
the fully closed chamber with a few clashes, making it difficult to
envisage how expanded folding intermediates of actin could be
encapsulated in the fully closed chamber. However, actin could
be readily encapsulated and folded in the much larger partially
closed folding chamber described here.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
M. maripaludis cpn60 was expressed and purified as described by Kusmierc-
zyk andMartin (2003b) except that the hydroxyapatite columnwas replaced byserved
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chromatography.
Sample Preparation
For negative stain EM, the Mm complex was diluted to a final concentration of
0.2 mg/ml in 50 mM Tris-HCl (pH 7.4), 150 mM or 50 mM KCl, 10 mM MgCl,
and 1mM DTT and was incubated at 24C. For cryo-EM of apo-Mm, the com-
plex was diluted to final concentration of 3 mg/ml in 50 mM Tris-HCl (pH 7.4),
150 mM KCl, 10 mMMgCl, and 1 mMDTT and was incubated at 37C. For the
Mm-ADPAlF3 complex, KF was added to the sample above, followed
by KAl(SO4)2 and ADP, yielding final concentrations of 5 mM, 0.5 mM, and
1 mM, respectively. This sample was incubated for 10 min at 37C and then
centrifuged for 5 min before making cryo-EM grids.
Electron Microscopy
For negative stain EM, 3.5 ml of 0.2 mg/ml Mm were applied to glow-dis-
charged, carbon-coated grids and were stained with 5 ml of 2% uranyl acetate
or 2% sodium vanadate (Nano-Van, Molecular Probes, UK). The stained Mm
complexes were imaged under low-dose conditions at nominal magnifications
of 40,000 or 34,000, and images were recorded on Kodak SO-163 film.
For cryo-EM, 3 ml of the Mm complex, alone or with ADPAlF3, was applied
to C-flat grids (r2/2, Protochips Inc., USA). The grids were rendered hydrophilic
using a Fischione plasma cleaner and then were used for sample preparation
in a vitrobot (FEI, Netherlands) at 37C and 100% humidity. Low-dose images
were recorded using the automatic data acquisition system LEGINON (Sulo-
way et al., 2005) on a Tecnai F20 FEG electron microscope, operated at
120 kV and equipped with a Gatan cold stage (Gatan, USA), and were re-
corded on a Gatan 4K ultrascan CCD camera (Gatan, USA) at final magnifica-
tions of 148,500 for the apo (760 frames) and 92,000 for the ADPAlF3 (560
frames) and between 0.7 and 3.5 mm underfocus.
Image Processing
Negative stain micrographs were digitized in a Zeiss SCAI scanner, yielding
a specimen sampling of 3.5 A˚/pixel for uranyl acetate and 4.1 A˚/pixel for the
sodium vanadate-stained complexes. Particles were selected using XIMDISP
(Crowther et al., 1996) and were extracted into 1283 128 boxes using LABEL
(Crowther et al., 1996). Two thousand five hundred fifty-two particles were se-
lected for the uranyl acetate, and 1552 particles were selected for the sodium
vanadate-stained samples. The boxed particles were band-pass filtered
between 160 and 7 A˚ for the uranyl acetate and 180 and 8 A˚ for the sodium
vanadate-stained samples, and then were normalized in SPIDER (Frank
et al., 1996).
The negative stain images were aligned and classified after initial centering
by multivariate statistical analysis (MSA) in IMAGIC (van Heel et al., 1996).
Selected class averages of the side views were used for multireference align-
ment (MRA) and further classification.
The CCD cryo-EM images were reduced by a factor of two, yielding 2.02 A˚/
pixel for apo-Mm and 3.26 A˚/pixel for Mm-ADPAlF3. The contrast transfer
function (CTF) for each CCD image was determined using CTFFIND3 (Mindell
and Grigorieff, 2003). Initially, a small subset of particles was selected and
extracted into 256 3 256 boxes for apo-Mm and 196 3 196 boxes for the
Mm-ADPAlF3. CTF correction was done in SPIDER, and the boxes were
then cropped to 196 3 196 for apo-Mm and 150 3 150 for Mm-ADPAlF3.
The boxed images were band-pass filtered between 200 and 6 A˚ and were
normalized. Images were centered using negative stain class averages as ref-
erences and then were classified by MSA. Class averages representing four
different side views of the Mm complex were used as templates for the auto-
matic particle picking using FINDEM (Roseman, 2004), concentrating on
selecting mainly side views, which constituted 10% of the particles.
For the apo-Mm complex, 22,687 particles were selected and extracted into
256 3 256 boxes, CTF-corrected in SPIDER, band-pass filtered between 200
and 4 A˚, and normalized. The images were then aligned to selected class
averages from the hand-picked data set and were classified using MSA. As
a result of both the structural flexibility of the apo-Mm complexes and the
selection of a significant minority of end views, a careful selection of only the
best side view images had to be made, which left 3946 images. The side
view images were then aligned by projection matching to an angular reconsti-Structuretution model generated in IMAGIC. The resolution of the final map (10 A˚) was
estimated with the 0.5 FSC criterion.
For the Mm-ADPAlF3 complexes, 18,925 particles were selected and ex-
tracted into 1503 150 boxes and preprocessed as described above. The par-
ticles were separated into the closed conformation in one set (1100 images)
and the open and bullet in the other (7000 images). The images of the closed
form were then aligned via projection matching to a 3D model generated from
a side view class average using 8-fold symmetry in IMAGIC. For the open/bul-
let images, a model was similarly generated for each conformation, and com-
petitive projection matching was used to refine the separation and the maps.
The resolutions of the final open, bullet, and closed maps (10 A˚, 9.5 A˚, and 11
A˚, respectively) were estimated as before.
Atomic Structure Fitting
The open, bullet, and closed maps were filtered between 20 A˚ and 9 A˚ to
correct for the overrepresentation of low frequencies, reducing the low fre-
quencies to 10% of their original amplitude and eliminating the high frequency
components. For the closed structure, the thermosome (PDB code: 1A6D)
oligomer wasmanually fitted as a single rigid body into the cryo-EMmap using
PYMOL (http://www.pymol.org). For the open and bullet structures, one sub-
unit in each ring of the thermosome structure was separated into equatorial
(17–144 and 403–519), intermediate (145–214 and 365–402), and apical
(215–364) domains. These six domains were manually fitted into the cryo-
EMmaps using PYMOL, and the rigid body fits were refined with URO (Navaza
et al., 2002), taking into account the 8-fold symmetry.
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